INTRODUCTION
The quality of fried food is closely related to the quality of the frying oil 1 . During frying, oil is subjected to prolonged periods of heating at high temperatures in the presence of air and water, which leads to a wide range of complex chemical reactions, such as thermal oxidation, hydrolysis, and polymerization 2, 3 . The compounds generated from these chemical reactions not only have negative effects on flavor but also form undesirable constituents in fried foods 4 . Therefore, controlling the quality of frying oil is very important and evaluating that quality rapidly is imperative. Analysis of the carbonyl value CV is useful for evaluating the degradation of frying oils, because it indicates the quantity of carbonyl compounds. These possess the most rancid and unpleasant flavors of the secondary products of oil oxidation formed by the degradation of hydro-peroxides during the frying process [5] [6] [7] [8] .
The CV analysis methods used most widely are based on the colorimetric measurement of 2,4-dinitrophenylhydrazones in an alkali solution 9, 10 , 2-propanol 2-PrOH instead of benzene 8 and commercial 1-butanol 1-BuOH 11 . These methods can be used to quantify the CV of frying oils accurately, but are expensive and time-consuming.
Fourier-transform infrared FTIR spectroscopy has proved to be a good alternative to standard wet analytical techniques for determining key quality parameters in many fields [12] [13] [14] . It has the advantages of rapid acquisition of spectral data, is easy to operate and needs no complex sample preparation 15 . Previous FTIR studies have reported identifying a variety of food adulteration problems using experimental and statistical methods [16] [17] [18] . More recently, FTIR spectroscopy has been used to determine how edible vegetable oils, adulterated with used frying oil, deteriorated 19, 20 . These studies showed the ability of FTIR spectroscopy to successfully monitor the FFA Free fatty acid content of heated edible and frying oils, but no work has been reported on analyzing the CV of frying oils. The objective of the present study was therefore to investigate whether FTIR spectroscopy combined with chemometrics could be used for prediction of the CV of a large number of deep frying oils samples collected from two types of rapeseed oils.
EXPERIMENTAL PROCEDURES

Sample preparation
Two types of rapeseed oil commercially refined canola oil from the Nisshin Oillio Group Ltd, Tokyo, Japan and unrefined rapeseed Kizakinonatane oil from Akita New Bio Farm Co. Ltd, Akita, Japan were used as the frying oil samples. Frozen par-fried French fries in an institutional pack were purchased from a local supermarket and used for deep-frying. The frying was conducted in a restaurantstyle stainless steel electric fryer TF-40A Taiji & Co. Ltd., Kanagawa, Japan at frying temperatures of 180, 200 or 220 . Batches of 100 g of frozen French fries were fried for 3 min at 22-min intervals, when the temperature of the oil had reached the desired temperature. This continued for a period of 7 h each day for 4 consecutive days. This was equivalent to frying 17 batches per day and therefore 68 batches for the whole experiment. During the frying process, 200 ml of heated oil was drawn off every 3.5 h and stored at 18 until analysis of carbonyl values and acquisition of IR spectral data. The frying experiments were carried out once using canola oil and twice using rapeseed Kizakinonatane oil under the two method: without replenishment no fresh oil addition and with frequent replenishment of oil 200 ml fresh oil addition after having gathered the frying oil sample of 200 ml . A total of 156 frying oil samples, degraded to different degrees, were obtained from the food frying process.
Reference analysis
The CVs of the frying oil samples were determined according to the Japan Oil Chemists Society JOCS Official Method Tentative 13-2003 Carbonyl Value Butanol Method developed by Endo et al. 11, 21 . All CV analysis results are expressed in μmol g 1 .
FTIR spectral acquisition
Spectroscopic data from the frying oil samples were acquired using an infrared spectrometer Nicolet 6700 FT-IR, Thermo Fisher Scientific K.K, Waltham, MA, USA equipped with an attenuated total reflection ATR smart sampling accessory with a temperature controller. A small amount of the oil sample was uniformly deposited on the crystal surface of the ATR accessory Specac Inc., Woodstock, GA, USA , equipped with a ZnSe 11 reflection crystal. Analyses were carried out at room temperature. Spectra were acquired 100 scans/sample or background in the wavenumber range of 4000-650 cm 1 at a spectral resolution of 4 cm 1 , and the data exported by OPUS Ver. 6.0
Bruker Optics, Billerica, MA, USA software in ASCII compatible format. For each sample, the absorbance spectrum was collected against a background obtained with a dry and empty ATR cell. Three spectra per sample were recorded. After acquiring each spectrum, the ATR crystal was cleaned with a cellulose tissue soaked in hexane and then rinsed with acetone. All spectral data exported by the OPUS software in ASCII compatible format were then imported to Unscrambler analytical software ver. 7.6 CAMO, Oslo, Norway .
Statistical Analysis
The calibration models were created by partial least square PLS regression from the raw FTIR spectra and its first and second derivatives, and the optimum number of PLS factors used for prediction was determined by full cross validation. The number of significant PLS factors was chosen by using a predicted residual error sum of squares SECV value for every possible factor. The SECV value was the sum of the squared differences between the predicted and the known carbonyl values. This was calculated by building calibration models with different numbers of factors and then predicting some samples of known carbonyl concentration against the model. The quality of the calibration models can be described by the squared correlation coefficient R 2 and the standard error of calibration SEC , and was validated using the validation sample set that was not used for the calibration development. The correlation coefficient of prediction r and root-mean square of the prediction SEP were used to choose the best model. SEP measures how well the model can predict samples in a validation set. The best calibration model to be used for prediction was the one with the highest value of r and lowest value for SEP.
The first and second derivative spectra 22, 23 were obtained using the Savitsky-Golay method 24 with a segment of 8 points and gap of 0 points. The PLS regression and derivative mathematical treatments were performed using the Unscrambler software. The 156 oil samples obtained from the frying process were divided into calibration and validation sets as follows. Initially, samples within the parent set were sorted according to the CV determined chemically. Starting with the lowest CV sample, the first and third samples were assigned to the calibration set, and the second sample to the validation set. The next group of three samples was similarly assigned, and so on, until the last group. Thus, 104 samples were included in the calibration set and 52 in the validation set. Statistics for the CV of the frying oil samples selected for the calibration and validation sets are shown in Table 1 . Figure 1 shows the FTIR spectra of two fresh oils canola oil and rapeseed Kizakinonatane oil . To the naked eye, the entire range of spectra looks very similar for the two oils. These spectra showed absorption bands typically charac-teristic of those reported in previous studies 18, 25 27 . The most prominent absorption band at 1743 cm 1 can be assigned to the C O stretching of aliphatic esters 18, 25 27 .
RESULTS AND DISCUSSION
Spectral features of FTIR
The strong bands at around 2922 and 2852 cm 1 can be ascribed to the asymmetrical and symmetrical C-H stretching vibrations of CH 2 groups. The band at around 1157 cm 1 may be assigned to the stretching of the C-O bonds of aliphatic esters or CH 2 bending vibrations 18, 25 27 . The FTIR spectrum dotted line in Fig. 1 from used Canola frying oil resembled that of the fresh oils. However, if one examines the difference spectrum between two FTIR second derivative spectra of the high-CV oil deteriorated Canola oil sample and the fresh Canola oil sample Fig. 2 closely, differences between deteriorated and fresh Canola oil samples are observed at these typical absorption bands around 3028, 3008, 2920, 2850, 1734 and 1149 cm 1 . In addition, the absorption at 968 cm 1 observed in the FTIR second derivative spectrum of the used frying oil, which may be due to the C-H out-of-plane deformation of isolated trans double bonds or some trans conjugated unsaturated fatty acids 18, 25 27 . The peak intensity at 968 cm 1 exhibited a slight increase in used frying oils compared with the fresh oil. From these observations, it can be seen that much information about the degradation of frying oil can be obtained from FTIR spectra.
Calibration models for CV
As shown in Table 2 , a total of 3 PLS calibration models were developed for analyzing the CV of frying oils using the calibration and validation frying oil sample sets based on raw, first and second derivative spectra. There were very strong correlations between actual values and IR-predicted values in the calibration models, with R 2 values greater than 0.97. When the SEC, SECV and SEP values of the calibration models were compared, as shown in Table 2 , the results based on the first or second derivative spectra were better than those based on the raw spectra. Because there were differences in the viscosity of frying oil samples, the baseline offset and slopes in the spectra may have affected F, number of factors; R, correlation coefficient; SEC, standard error of calibration; SECV, standard error of cross validation; SEP, standard error of prediction; Bias, average of differences between reference value and FTIR predicted value; RPD, ratio of standard deviation of reference data in the validation set to SEP Fig. 2 The difference spectrum between two FTIR second derivative spectra of the high-CV oil sample (deteriorated Canola oil) and the fresh Canola oil sample.
the development of a robust calibration model. The first derivative of the raw spectra is simply a measure of the slope of the spectral curve at every point and the second derivative is a measure of the change in the slope of the curve. The slope of the curve is not affected by baseline offsets in the spectrum, and thus using the first and second derivatives are very effective methods for removing baseline offsets 22, 23 . This may be why relatively better results were obtained based on the first or second derivative spectra. The best calibration model was obtained using the second derivative spectra of frying oils. For CV, the model showed low values of SECV 1.87 μmol g 1 and SEP 1.93 μmol g 1 . Figure 3 shows the strong linearity between the cross-validation and prediction validation results, represented graphically by plotting the reference analysis values against the IR-predicted values based on the second derivative spectra. The prediction model also had high ratio performance deviation RPD values of more than 5.8. Generally, an RPD value above 3 indicates a useful model that allows good quantitative predictions 28 30 . It can therefore be concluded that the IR spectra provided good estimations of CV in frying oils.
Regression coefficients of PLS model
Regression coefficients can be used to compare the contributions of individual wavenumbers to a PLS calibration model, since a regression coefficient spectrum shows characteristic peaks and troughs that can indicate the wavenumber range that is important for the calibration model 31 34 . Figure 4 show the regression coefficients of the PLS calibration model based on the second derivative spectra for CV values. Some notable peaks at wavenumbers of 3026, 3008, 1736, 1147 and 968 cm 1 were easily observed. The negative peak at a wavenumber of 1736 cm 1 could be assigned to the C O functional group, which might be related to the absorption of the C O stretching characteristic frequency associated with aldehyde and ketone whose content increases with the degradation of frying oils 17, 20, 35, 36 .
The negative peak at a wavenumber of 3026 cm 1 could be assigned to the C-H trans functional group and the positive peak at a wavenumber of 3008 cm 1 could be assigned to the C-H cis functional group, which might be related to the increase in trans fatty acids and the relative decrease in cis fatty acids when frying oils degrade 17, 20, 35, 36 . The negative peak at a wavenumber of 1147 cm 1 might be assigned to the C-O stretching characteristic frequency or CH 2 bending frequency 17, 20, 35, 36 . The negative peak at a wavenumber of 968 cm 1 could be assigned to HC CH trans bending outof-plane functional group, which is related to the absorption of trans fatty acids, which increases with the degradation of frying oils 17, 20, 35, 36 .
These results show that PLS calibration models for CV of frying oils can be established based on the absorptions of deterioration products such as carboxylic acid, aldehyde, ketone groups and unsaturated fatty acids, which increase as frying oil deteriorate. The results of the present study have shown the utility of using the IR technique for rapidly determining the CV of frying oils. However, when the calibration got in this paper applies to other types of frying oil, a further research using the types of frying oil is necessary to confirm the adaptability.
CONCLUSIONS
FTIR spectroscopy can be successfully applied for determining the CV of frying oils. A good calibration model, based on the second derivative spectra, gave a low SEP value 1.93 μmol g 1 and a high RPD value 5.8 for predicting CV. FTIR spectroscopy has significant advantages over other chemical analysis techniques; it is fast and simple and requires no sample preparation, so is a very practical method for measuring the CV of frying oils. 
